Abstract.-Adaptive radiation is thought to be responsible for the evolution of a great portion of the past and present diversity of life. Instances of adaptive radiation, characterized by the rapid emergence of an array of species as a consequence to their adaptation to distinct ecological niches, are important study systems in evolutionary biology. However, because of the rapid lineage formation in these groups, and occasional gene flow between the participating species, it is often difficult to reconstruct the phylogenetic history of species that underwent an adaptive radiation. In this study, we present a novel approach for species-tree estimation in rapidly diversifying lineages, where introgression is known to occur, and apply it to a multimarker data set containing up to 16 specimens per species for a set of 45 species of East African cichlid fishes (522 individuals in total), with a main focus on the cichlid species flock of Lake Tanganyika. We first identified, using age distributions of most recent common ancestors in individual gene trees, those lineages in our data set that show strong signatures of past introgression. This led us to formulate three hypotheses of introgression between different lineages of Tanganyika cichlids: the ancestor of Boulengerochromini (or of Boulengerochromini and Bathybatini) received genomic material from the derived H-lineage; the common ancestor of Cyprichromini and Perissodini experienced, in turn, introgression from Boulengerochromini and/or Bathybatini; and the Lake Tanganyika Haplochromini and closely related riverine lineages received genetic material from Cyphotilapiini. We then applied the multispecies coalescent model to estimate the species tree of Lake Tanganyika cichlids, but excluded the lineages involved in these introgression events, as the multispecies coalescent model does not incorporate introgression. This resulted in a robust species tree, in which the Lamprologini were placed as sister lineage to the H-lineage (including the Eretmodini), and we identify a series of rapid splitting events at the base of the H-lineage. Divergence ages estimated with the multispecies coalescent model were substantially younger than age estimates based on concatenation, and agree with the geological history of the Great Lakes of East Africa. Finally, we formally tested the three hypotheses of introgression using a likelihood framework, and find strong support for introgression between some of the cichlid tribes of Lake Tanganyika. [Adaptive radiation; Cichlidae; introgression; Lake Tanganyika; species network.]
Adaptive radiation, that is, the rapid emergence of new life-forms through the extensive diversification of an organismal lineage into new or available ecological niches, is thought to be responsible for a great deal of the extant and extinct organismal diversity on our planet (Simpson 1953; Schluter 2000; Berner and Salzburger 2015) . Rapid evolutionary radiations have long fascinated biologists and serve as model systems to explore mechanisms of lineage diversification (see, e.g., Schluter 2000; Mayr 2001; Coyne and Orr 2004) . At the same time-mainly because of the rapidity of lineage formation facilitating incomplete lineage sorting, gene flow between the emerging species, and the frequent occurrence of phenotypic convergence-it has proven notoriously difficult to reconstruct the progression of adaptive radiations by means of morphological analyses (Fryer and Iles 1972) and, more recently, phylogenetic reconstructions based on molecular data (e.g., Rokas and Carroll 2006; Glor 2010; Meyer et al. 2015) .
The retention of ancestral polymorphisms between species (i.e., incomplete lineage sorting) and gene exchange between taxa (i.e., introgressive hybridization) are commonly observed phenomena in adaptive radiations (see, e.g., The Heliconius Genome Consortium 2012; Brawand et al. 2014; Lamichhaney et al. 2015 ; reviewed in Berner and Salzburger 2015) , and it has been suggested that extensive hybridization between founding lineages producing a so-called hybrid swarm may trigger subsequent adaptive radiation in the first place (Seehausen 2004; Nolte and Tautz 2010; Abbott et al. 2013 ). There are two major technical challenges for phylogeny reconstruction associated with the occurrence of incomplete lineage sorting and/or introgressive hybridization: First, both processes can generate phylogenetic histories that are discordant with the species tree, and can therefore cause misleading species-tree estimates unless properly accounted for (see, e.g., Maddison and Knowles 2006; Kubatko and Degnan 2007; Yu et al. 2011; Roch and Steel 2014; Edwards et al. 2016) . Second, in order to account for incomplete lineage sorting and introgressive hybridization in phylogenetic analyses, it is important to differentiate between these two processes, since models used for phylogenetic inference often incorporate only one of the two processes (e.g., Linz et al. 2007; Heled and Drummond 2010; Mirarab et al. 2014 ). However, due to the various possible outcomes of both processes, it is often difficult to distinguish whether an observed incongruence between phylogenies is due to incomplete lineage sorting or past hybridization (Holder et al. 2001; Holland et al. 2008; Joly et al. 2009 ). As these issues are particularly pronounced when rapidly radiating 532 SYSTEMATIC BIOLOGY VOL. 66 clades are involved, a thorough understanding of the evolutionary history of adaptive radiations is often hampered by the difficulties involved in phylogenetic analyses of these groups (Jarvis et al. 2014; Lamichhaney et al. 2015) .
The most well-known examples of adaptive radiation include Darwin's finches on the Galapagos Islands (Grant and Grant 2008) , threespine stickleback fish in the Northern Hemisphere (Bell and Foster 1994) , anole lizards on the islands of the Caribbean (Losos 2009) , and cichlid fishes in the East African Great Lakes (Fryer and Iles 1972) . The exceptionally diverse cichlid assemblages in Lakes Victoria, Malawi, and Tanganyika represent the most species-rich extant adaptive radiations . Hundreds of closely related cichlid species have emerged in each of these lakes in the last few millions to several thousands of years (Kocher 2004; Seehausen 2006; Salzburger 2009; Salzburger et al. 2014) , rendering the formation of new cichlid species in these lakes unusually rapid (McCune and Lovejoy 1998; Coyne and Orr 2004) .
With an age of 9-12 myr, Lake Tanganyika is the oldest and, because of its great depth, also the most stable lake in Africa (Cohen et al. 1993; Salzburger et al. 2014) . This has strong implications on its cichlid fauna, which is genetically, morphologically, ecologically, and behaviorally the most diverse of all extant cichlid species flocks ). Lake Tanganyika is also a reservoir of more ancient lineages and the likely cradle of more modern cichlid groups (Nishida 1991; Salzburger et al. 2002a Salzburger et al. , 2005 , or simply the "melting pot" of East African cichlid diversity (Weiss et al. 2015) . Knowledge about the evolution of the Lake Tanganyika cichlid assemblage is thus key to understanding cichlid evolution in the whole of East Africa.
The cichlid fauna of Lake Tanganyika, which comprises about 200 species, has been divided into 14 taxonomic subgroups, so-called 'tribes' (i.e., a taxonomic rank between subfamily and genus) (Poll 1986; Dunz and Schliewen 2013; Takahashi and Sota 2016) : Bathybatini, Boulengerochromini, Cyphotilapiini, Cyprichromini, Ectodini, Eretmodini, Haplochromini, Lamprologini, Limnochromini, Oreochromini, Perissodini, Tilapiini, Trematocarini, and Tylochromini. Over the past quarter of a century, a number of attempts have been undertaken to resolve the phylogenetic relationships between the cichlid tribes in Lake Tanganyika (e.g., Nishida 1991; Kocher et al. 1995; Salzburger et al. 2002a; Clabaut et al. 2005; Day et al. 2008; Muschick et al. 2012; Meyer et al. 2015; Weiss et al. 2015; McGee et al. 2016; Takahashi and Sota 2016) , as well as between genera and species within tribes (see, e.g., Koblmüller et al. 2004 Koblmüller et al. , 2010 Sturmbauer et al. 2010) . Especially with respect to the placement of tribes relative to each other, there is little consensus between the different studies (see Supplementary Text S1 and Supplementary Fig. S1 ; available on Dryad at http://dx.doi.org/10.5061/dryad.62qn5), which can in part be explained by the different marker sets (and phylogenetic methods) that were used at a given time. In addition, there is evidence for introgressive hybridization and incomplete lineage sorting in the course of the cichlid adaptive radiation in Lake Tanganyika (see, e.g., Rüber et al. 2001; Salzburger et al. 2002b; Koblmüller et al. 2010; Meyer et al. 2015; Weiss et al. 2015) , and both of these processes may have contributed to the conflicting results of studies conducted with different markers. Overall, while the general phylogenetic structure of the cichlid assemblage of Lake Tanganyika is well established-with secondary colonizers of Tylochromini and Oreochromini as the earliest diverging lineages, and Trematocarini, Bathybatini, and Boulengerochromini as ancestral tribes that are sister to a clade formed by the Lamprologini and the H-lineage (Meyer et al. 1990; Nishida 1991; Day et al. 2008; Muschick et al. 2012; Weiss et al. 2015; Takahashi and Sota 2016) -several areas of uncertainty remain (see Meyer et al. 2015; Weiss et al. 2015; McGee et al. 2016; Takahashi and Sota 2016) . For example, the relative position of Trematocarini, Bathybatini, and Boulengerochromini to one another is still unclear, as is the relative position of the H-lineage taxa to one another (in particular, the placement of Eretmodini).
In this study, we take a novel approach to address the phylogenetic relationships between the cichlid tribes of East African Lake Tanganyika. We use 40 nuclear markers established in Meyer and Salzburger (2012) and Meyer et al. (2015) . Yet, instead of using a single representative per species as in Meyer et al. (2015) , we use up to 16 specimens per species, resulting in nuclear DNA sequences from 522 specimens. This allows us to first disentangle the signals of introgression and incomplete lineage sorting among cichlid taxa, using new methodology to detect gene flow from populationlevel and species-level data sets. We then apply the multispecies coalescent model to identify the species tree of Lake Tanganyika cichlid lineages after filtering out signals of introgression that would represent a violation of this model. Finally, by comparing age estimates recovered with the multispecies coalescent model and with concatenation, we reconcile phylogenetic divergence-date estimates of cichlids with the geological history of their environment, to build a coherent timeline of cichlid diversification in the Great Lakes of East Africa, with a particular focus on Lake Tanganyika.
MATERIALS AND METHODS

Data Collection and Sequence Alignment
All specimens of cichlid fishes from Lake Tanganyika used in this study were collected in accordance with the national legislation of the Republic of Zambia and under the memorandum of understanding (MOU) between the involved institutions (University of Basel, Switzerland, University of Zambia, Lusaka, Zambia, and Department of Fisheries, Lake Tanganyika branch, Mpulungu, Zambia). Fish collections were conducted 533 as described in Muschick et al. (2012) . We used up to 16 individuals from 45 different cichlid species (a total of 522 individuals). Our sampling design comprised representatives of all major cichlid lineages of the Lake Tanganyika radiation (33 species) plus four representatives each of Lake Victoria and Lake Malawi, and four riverine taxa. The gross of samples originated from field trips to Zambia, that is, to Lake Tanganyika and the Kafue River in the years 2007, 2008, and 2011 . Further samples were aquaria-bred at the Swiss Federal Institute of Aquatic Science and Technology (EAWAG; these were kindly provided by Ole Seehausen) and at the University of Basel. The number of sampled individuals per species and their place of origin are listed in Supplementary Tables S1 and S2 available on Dryad. Fin clips were stored at −20 • C in 100% ethanol until further processing.
Extraction of DNA from ethanol-preserved fin clips was performed with a Qiagen Biosprint 96 robot following the manufacturer's protocol (QIAGEN, Hombrechtikon, Switzerland). For multiplexed PCR amplifications, we used a primer set consisting of 40 markers (encompassing exons, introns, and untranslated regions of nuclear coding genes) as described in Meyer and Salzburger (2012) and Meyer et al. (2015) (see Table 1 for further details). PCR amplifications and library preparations (including several cleaning and pooling steps) were carried out as described in Meyer et al. (2015) ; pyrosequencing was performed on the GS FLX system (454 Sequencing, Roche). The sequencing design in the current study differs from that of Meyer et al. (2015) , who included only a single specimen for each species (instead of up to 16 as in the current study) and used a consensus sequence (instead of the two alleles as in the current study).
The generated sequence reads were demultiplexed and assembled using Roche's sffinfo tool, PRINSEQ (Schmieder and Edwards 2011) , BWA (Li and Durbin 2010) , and Geneious (Biomatters Ltd, Auckland, New Zealand; available at www.geneious.com) with the same versions and settings as in Meyer et al. (2015) . Due to the long read length provided by the 454 technology, phased alleles could be determined in all individuals. Thus, we obtained between 376 and 1036 (mean = 918.9) sequences per marker (Table 1) . Alignments for each marker containing all alleles from all individuals were obtained with the software MAFFT v.7.017 (Katoh and Standley 2013) , using the "-auto" option to automatically detect the appropriate alignment strategy. The alignments were inspected visually and locally corrected where necessary (Supplementary File S1 available on Dryad). To test whether different codon positions and noncoding fractions of the alignments are best characterized by different models of sequence evolution, we analyzed each alignment separately with the software PartitionFinder v.1.1.1 (Lanfear et al. 2012) . However, as the program identified only one partition for each alignment, a single substitution model per marker was applied in all phylogenetic analyses. Notes: The marker name, the link to the corresponding Ensembl entry for Tilapia, the number of sequenced individuals, the alignment length of each marker, the proportion of variable sites, and the genetic diversity () of each marker are given. a Marker excluded from all gene-tree analyses and MRCA age comparisons due to missing data in Tylochromis polylepis. b Unconstrained gene-tree analyses failed for this marker, and it was thus excluded from MRCA age comparisons.
Gene-Tree Inference As our phylogenetic data set included both intraand interspecific sequence variation, we performed phylogenetic inference using the multispecies coalescent model of *BEAST (Heled and Drummond 2010) , implemented in the Bayesian phylogenetic inference software BEAST v.2.1.3 (Bouckaert et al. 2014) . However, we expected that gene tree topologies could be discordant not only due to incomplete lineage sorting, but also due to introgression. As the *BEAST model only accounts for incomplete lineage sorting but excludes introgression, we conducted separate *BEAST 534 SYSTEMATIC BIOLOGY VOL. 66 analyses for each marker, assuming that recombination only takes place between markers, but not within. Phylogenetic inference was performed using an HKY model (Hasegawa et al. 1985) of sequence evolution and the Yule process (Yule 1925) as the species-tree prior. For computational reasons, we assumed no among-site rate heterogeneity and used empirical base frequencies. We also assumed a strict molecular clock model, to maximize comparability between divergence times in individual gene trees and to reduce the run time required for convergence. The molecular clock was calibrated with two fossil-based node-age constraints. Based on the time-calibrated phylogeny of cichlid fishes by McMahan et al. (2013) Table 1 ). We conducted five replicate analyses for each of the 35 markers, with 4 billion Markov chain Monte Carlo (MCMC) generations of which the first 10% were discarded as burn-in. These analyses were performed on the Maia cluster of the University of Basel and required about 40 CPU days per replicate. Run convergence was assessed by comparison of traces within and between run replicates and by effective sample sizes (ESS) greater than 200 for each model parameter. In only few exceptions, ESS values of single parameters remained below 200, but were still above 100. For each marker, 100 time-calibrated gene trees were sampled from the joint posterior distribution of the five replicate analyses. Each of these gene trees was further pruned to include only a single randomly chosen individual per species. This was repeated 10 times per tree to produce posterior sets of 1000 species-level gene trees for each marker. A flow chart illustrating our phylogenetic analysis pipeline is provided in Supplementary Fig. S2 available on Dryad.
Detection of Putatively Introgressed Lineages
Comparison of mean MRCA age estimates.-Posterior samples of species-level gene tree distributions were used to calculate mean age estimates of most recent common ancestors (MRCA) in all pairwise species comparisons. As gene-tree inference for one out of 35 markers (wnt7b) failed to converge, we used gene tree distributions of 34 markers for these calculations. Following Marcussen et al. (2014) , we expected that introgression could be detectable through MRCA age estimates in three-taxon comparisons (see Fig. 1 for illustration): for a given set of taxa A, B, C, two of the three mean MRCA age estimates should be similar if introgression is absent. For example, if A and B are sister lineages and C is the outgroup then the MRCA for A and C and the MRCA for B and C should have a similar age, even in the presence of incomplete lineage sorting (assuming comparable population sizes and mutation rates for A and B). However, if part of the genome of A is affected by introgression coming from C, then the mean MRCA age for A and C should be younger than the MRCA for B and C. Thus, to identify the species with the strongest signals of introgression, we compared mean MRCA age estimates in each possible three-taxon combination, testing each of the positions A, B, and C for each of the 45 species in our data set (a total of 45 3 comparisons). We recorded the difference between the age estimate of the MRCA of B and C and the age estimate of the MRCA of A and C if: (i) the MRCA of A and C appeared younger than that of B and C, and if (ii) the MRCA of A and B was the youngest of the three, indicating that A and B are sister groups in this three-taxon comparison. If these conditions were not met, the age difference was recorded as zero. The results of these three-taxon comparisons were summarized by calculating, for each pair of the 45 species, the maximal age difference found with these two species in positions A and C, and with any other species in position B. For each of the 45 species, we also calculated the maximal age difference when this species was in position A, and any other two species were in positions B and C (thus the maximal age difference in 45 2 comparisons).
Based on the maximal age differences per species pair and per individual species, we developed three hypotheses of introgression between Lake Tanganyika cichlid lineages ( Fig. 1 ; Supplementary Table S3 available on Dryad) that were to be tested in subsequent analyses: H1; an early representative of Boulengerochromini, or a common ancestor of Boulengerochromini and Bathybatini, received, through introgression, genomic material from members of the H-lineage, most likely from the Perissodini or Limnochromini; H2; an early member or common ancestor of the Perissodini and Cyprichromini experienced introgression from the Boulengerochromini or Bathybatini; H3; a common ancestor of the Lake Tanganyika Haplochromini (i.e., the "Tropheini" sensu Takahashi 2003) plus the riverine lineages Pseudocrenilabrus and Serranochromis experienced introgression from an ancestor or early member of Cyphotilapiini. A fourth potential introgression event was indicated by high maximal age differences in comparisons involving Haplochromini of lakes Malawi and Victoria (or one of Astatotilapia burtoni and Haplochromis sp. 'Chipwa') as taxon C and Perissodini as taxon A (see Fig. 1 ). However, as these signals for introgression between the Haplochromini and Perissodini were not as strong as those for introgression between the Boulengerochromini or Bathybatini and Perissodini (H2), we did not further FIGURE 1. Differences in mean MRCA age estimates in three-taxon comparisons. The inset at the top left indicates how introgression from taxon C to taxon A can decrease the mean age estimate for the MRCA of A and C, compared to the mean MRCA age estimate between taxa B and C. In this inset, the species tree is indicated as the light gray shape, with gene trees embedded inside of it. Heat-map cells indicate the maximum age difference between these mean MRCA age estimates, with taxa A and C of the three-taxon comparison according to cell row and column, and any of the remaining species as taxon B. The darkest heat-map cells indicate differences in mean MRCA age estimates of up to 2.13 myr and serve as the basis for three hypotheses of introgression, H1-H3, marked by frames (see text). The frame in gray indicates a fourth possible introgression event between Haplochromini and Perissodini. For each species, the maximum age difference in mean MRCA age estimates, in all possible three-taxon comparisons that include this species as taxon A, is shown in the column to the right of the heat map.
investigate introgression between the Haplochromini and the Perissodini, and instead focussed on testing the first three hypotheses H1-H3.
f -statistics.-The f 4 -statistic, introduced by Reich et al. (2009) , is a powerful measure to distinguish introgression from incomplete lineage sorting, based on allele frequencies of four populations. With populations A, B, C, and D, and the assumed unrooted population topology (A,B),(C,D), the f 4 -statistic is calculated as the product of the difference of allele frequencies between A and B, and between C and D. While this statistic was initially applied to populations of a single species or sister species (Reich et al. 2009) , it has been shown to be effective also to detect introgression between species that have diverged several millions of years ago (Martin et al. 2015) . We thus calculated the f 4 -statistic for sets of four taxa according to our hypotheses of introgression outlined above. In the absence of introgression, the f 4 -statistic is expected to be zero, regardless of whether incomplete lineage sorting is present or not. Thus, introgression between one of the two species A and B and one of the species C and D can be inferred if the f 4 -statistic is significantly different from zero (Reich et al. 2009 ). Whether or not this is the case is usually assessed on the basis of standard errors calculated through a block jackknife procedure. The use of jackknife standard errors for confidence interval estimation assumes that the underlying data is normally distributed, however, this may often not be the case for the f 4 -statistic, especially with more divergent species-level allele frequency data. This is because with more divergent populations, a larger numbers of single nucleotide polymorphisms (SNPs) will be fixed within populations but different between them. As a result, the f 4 -statistic will be exactly zero for a large number of SNPs. If jackknife blocks include a large number of linked sites, the per-block f 4 -statistic may then also be close to zero more often than assumed under normality.
To use the f 4 -statistic as a test of introgression with our population-level multimarker data set, we therefore applied not only a block jackknife procedure but also developed a new approach to assess significance, which does not assume normality and accounts for linkage of genetic variation within markers. To this end, we conducted simulations to evaluate how often the observed f 4 -statistic can be reproduced in the absence of introgression, based on incomplete lineage sorting alone. We used the coalescent software fastsimcoal2 v.2.5.2 (Excoffier et al. 2013 ) to produce sequence data sets for four populations that are similar to the true data set in terms of size and amount of missing data. Simulations were carried out using a wrapper script for fastsimcoal2, and simulation parameters for effective population sizes and divergence times were optimized during a burnin phase. The burn-in phase was stopped as soon as parameter combinations were found with which the resulting simulated sequence variation matched the observed sequence variation across all markers in the proportion of SNPs that are variable in more than one species and in the proportion of SNPs that are variable within both pairs of species. Subsequent to burn-in, 1000 sets of coalescent simulations were carried out, where in each of these sets sequence data was simulated separately for all 39-40 markers included in a given four species comparison. For each comparison, we used only sites that were biallelic among the four species included in the comparison. We interpreted the observed f 4 -statistic as evidence for introgression if less than 5% of the 1000 data sets simulated without introgression produced f 4 values at least as extreme as the observed. Our simulation-based test procedure was implemented in the new software F4, which is available at https://github.com/mmatschiner/F4.
Species-Tree Inference with Reduced Taxon Sets
As some of the species showed stronger signals of introgression than others, we assumed that excluding the species with the strongest signals would produce a largely introgression-free reduced taxon set, for which the multispecies coalescent model of *BEAST should be appropriate in a joint analysis of all markers. Based on signals of introgression observed with gene tree MRCA age comparisons and the f 4 -statistic, we excluded the following taxa from species-tree inference with *BEAST: B. microlepis, B. graueri, members of Perissodini and Cyprichromini, the riverine lineages Pseudocrenilabrus and Serranochromis, as well as all Lake Tanganyika haplochromines except A. burtoni and Haplochromis sp. 'Chipwa' (i.e., only the "Tropheini"; Takahashi 2003) . After excluding all individuals of these species, our data set contained population-level data for 34 remaining species. As we did for gene-tree analyses with *BEAST, we again used the Yule process as the species-tree prior and an HKY model of sequence evolution without among-site rate variation and base frequencies as empirically observed. Time calibration was again based on a strict molecular clock model with marker-specific clock rates and on the same two time constraints based on McMahan et al. (2013) for the ages of Tylochromini and Oreochromini. As alternatives to these time constraints, we also used younger constraints for the same divergence events, based on the timeline of Friedman et al. (2013) , in a separate set of analyses. According to the estimates of Friedman et al. (2013) , we constrained both the divergence between Tylochromini and Austrotilapiini and the divergence between Oreochromini and Austrotilapiini with lognormal prior distributions, parameterized with means (in real space) 24.283 and 13.914 Ma and standard deviations 0.085 and 0.1 Ma, respectively. Per-branch effective population sizes were estimated as part of all analyses, however, for computational reasons, the data set was reduced to include maximally four randomly selected phased sequences per species for each marker. To assess robustness of results, random sequence selection was performed twice, and the two resulting data sets were used for independent sets of *BEAST analyses, in each case with both sets of time constraints. For each data set, we performed four replicate *BEAST runs with 4 billion MCMC steps per replicate, of which the first 40% were discarded as burn-in. These analyses were conducted on the Abel cluster of the University of Oslo and required about 80 CPU days per run replicate.
To test how the application of the multispecies coalescent model influences the estimated species-tree topology and timeline of cichlid diversification, we also performed BEAST analyses with concatenated marker sets for the 34 putatively introgression-free species. It has been argued that concatenation is a special case of the multispecies coalescent model in which all gene trees are constrained to be identical in topology and branch lengths (Edwards et al. 2016) . Thus, by comparing results based on concatenation and the multispecies coalescent model, we effectively assess how the release of the constraint of identical gene trees for all markers affects the species-tree estimate. We performed Bayesian analyses of concatenated marker sets using the same model of sequence evolution, molecular clock, and speciation as for species-tree inference with the multispecies coalescent model of *BEAST and the time constraints of McMahan et al. (2013) . For analyses of concatenated marker sets, we removed within-species sequence variation by random selection of a single sequence per marker and species. This step was repeated twice to assess the effect of stochasticity in the random sequence selection. For the two generated data sets, we conducted five replicate BEAST analyses, each using 500 million MCMC generations, of which we discarded the first 20% as burn-in.
Run convergence in all BEAST analyses was evaluated by ESS values above 200 for nearly all model parameters (and above 100 for all parameters), and by visual inspection of parameter traces within and between replicates. Posterior tree samples of run replicates were combined to produce maximum clade credibility (MCC) species trees with the software TreeAnnotator v.2.1.3 (Bouckaert et al. 2014) , with node heights set to mean age estimates.
Constrained Gene-Tree Inference Based on the Species Tree
We now used the species tree based on the putatively introgression-free reduced taxon set to obtain more reliable estimates of gene trees, which were to be used for likelihood inference of introgression (see below). These new gene-tree analyses were performed separately for each of 35 markers, again excluding five markers for which no sequence data for T. polylepis were available. Constrained gene trees were inferred with a new set of *BEAST analyses, with additional constraints according to the previously inferred species tree based on the timeline of McMahan et al. (2013) . These constraints were placed on the age and topology of 15 clades that were supported with Bayesian posterior probabilities (BPP) of at least 0.99 in the species tree. To constrain the age of these clades according to the previously inferred species tree, we used lognormal prior distributions fitted to the distribution of posterior age estimates from the previous analysis. However, the topology of these clades could not simply be constrained as monophyletic with respect to all other taxa, as the new set of gene-tree analyses included additional species (see below) that might fall into these clades. To allow inclusion of additional taxa within these clades, we used "CladeConstraint" priors from the Sampled Ancestors (Gavryushkina et al. 2014) package for BEAST. These priors allow specifications of in-group and outgroup taxa for a clade, and all taxa not listed in either of the two categories are allowed to be included in one or the other. Data sets used for these analyses included maximally four sequences per species, for the same set of 34 species that were included in the inference of the putatively introgressionfree reduced species tree, and for one of the three species B. microlepis, P. microlepis, and P. philander. Three sets of analyses were conducted so that each included only one of these three species, and within-species sequence data was again selected at random, which was repeated twice to produce two equivalent data sets for separate analyses. Thus, for each of the 35 markers, we used six data sets that differed slightly in species sets and selected sequences per species. Per marker, three replicate *BEAST analyses were carried out for each of the six data sets, with the same settings as for the previous species-tree analyses, except that only 500 million MCMC generations were used for each analysis replicate. After run convergence was assessed, we merged the posterior tree distributions for each set of three run replicates. For each marker, and for each of the data sets used for this marker, we produced summary trees with only one tip per species by randomly removing all but one individual per species from each tree of the posterior distribution before generating MCC gene trees. Since visual inspection showed that for each marker and species set, the two MCC gene trees resulting from repeated random selection of within-species sequence data were highly congruent, we generated joint MCC gene trees from the combined posterior tree distributions of the two analyses.
Likelihood-Based Tests for Introgression
We used the inferred sets of constrained gene trees to test the three hypotheses of introgression, H1-H3, in a likelihood framework. For the three sets of taxa that each included one of the three species with strong signals of introgression (B. microlepis, P. microlepis, and P. philander), the inferred MCC gene trees were used jointly to assess the phylogenetic position and the most probable source of introgression into this species. We used function "InferNetwork_ML" (Yu et al. 2014 ) of the program PhyloNet v.3.5.6 (Than VOL. 66 et al. 2008) to compare the likelihoods of the set of gene trees under incomplete lineage sorting alone, and after adding a single introgression edge to the species tree. For computational reasons, and because we expected introgression into B. microlepis, P. microlepis, and P. philander to originate from basal branches or stem lineages of tribes rather than from their crowns, we reduced all gene trees to single representatives of tribes for these analyses. As representatives of tribes, of which our taxon set included multiple species, we chose the lamprologine N. prochilus, the ectodine O. ventralis, the limnochromine G, permaxillaris, the cyphotilapiine Trematochromis benthicola, and the haplochromine Pundamilia nyererei, due to low amounts of missing data for these taxa and their nested positions in the respective tribes. After further removing 2 of the 35 gene trees due to missing data for Trematocarini, all 33 remaining gene trees included a tip for each of 10 tribes. To disregard topologically uncertain nodes in gene tree's, we applied a gene tree's support threshold of BPP ≥ 0.9 in all PhyloNet analyses (option "-b"). Ten replicate analyses were performed for all sets of gene trees (option "-x") to assess convergence, and branch lengths and inheritance probabilities of introgression edges were optimized after the topology search (option "-po").
RESULTS
Detection of Putatively Introgressed Lineages
Comparison of mean MRCA age estimates.-Our comparison of MRCA mean age estimates in 35 gene trees showed that divergences in three-taxon comparisons were the least tree-like when members of three groups of Lake Tanganyika cichlids were included. These groups comprised (i) the Boulengerochromini and Bathybatini, (ii) the Perissodini and Cyprichromini, and (iii) Lake Tanganyika Haplochromini and the riverine lineages Pseudocrenilabrus and Serranochromis (Fig. 1) . When B. microlepis was included in the comparison as taxon A (see scheme in Fig. 1) , the MRCA age estimates between taxa A and C were up to 2.13 myr younger than those between taxa A and B, which was the case in a comparison with T. nigrifrons as taxon B and P. microlepis as taxon C (Supplementary  Table S3 available on Dryad). For the three species involved in this comparison, B. microlepis was closest to T. nigrifrons in the MCC gene trees of 15 markers, closest to P. microlepis in the MCC gene trees of 12 markers, and ancestral to the other two taxa in the MCC gene trees of 5 markers (the trees of the remaining markers did not include one of these species) (Supplementary File S2 available on Dryad). Comparable differences in MRCA age estimates were observed when other members of the Perissodini or Limnochromini were included in the comparison instead of P. microlepis (Fig. 1) , or when B. graueri was used instead of B. microlepis.
When members of Cyprichromini and Perissodini were used as taxon A in three-taxon comparisons, the greatest difference between the mean age estimate for the MRCA of taxa B and C and the mean age estimate for the MRCA of taxa A and C was found in the species trio P. microlepis (as taxon A), G. pfefferi (as taxon B), and B. microlepis (as taxon C). The mean MRCA age estimate of P. microlepis and each of the other two species was about 2 myr younger than that between them (Supplementary Table S3 available on Dryad). Perissodus microlepis was found closer to G. pfefferi in the MCC gene trees of 18 markers, and closer to B. microlepis in the MCC gene trees of 15 markers, and it was the outgroup to the other two taxa in the remaining 5 MCC gene trees (Supplementary File S2 available on Dryad). Very similar patterns were found when other members of Perissodini and Cyprichromini were used instead of P. microlepis, or when B. microlepis was replaced by B. graueri (Fig. 1) .
We further observed large differences between the mean age estimate for the MRCA of taxa B and C and the mean age estimate for the MRCA of taxa A and C in comparisons involving Lake Tanganyika haplochromines, Pseudocrenilabrus, or Serranochromis as taxon A, together with a representative of the Cyphotilapiini as taxon C (Fig. 1 ). These differences were most pronounced in a comparison including P. philander as taxon A, Neochromis rufocaudalis as taxon B, and T. benthicola as taxon C, where the mean MRCA age estimate for T. benthicola, and N. rufocaudalis was about 1.8 myr older than both mean age estimates for MRCA involving P. philander (Supplementary Table S3 available on Dryad). Among these three species, P. philander was sister to N. rufocaudalis in the MCC gene trees of 15 markers and to T. benthicola in the MCC gene trees of 12 markers, and N. rufocaudalis and T. benthicola were most closely related in the remaining 7 MCC gene trees (Supplementary File S2 available on Dryad).
Taken together, these results are consistent with at least three hypothesized introgression events during the early diversification of Lake Tanganyika cichlids: MRCA age differences and gene topology frequencies in three-taxon comparisons involving B. microlepis might be explained by introgression from the H-lineage to the Boulengerochromini or to a common ancestor of Boulengerochromini and Bathybatini (hypothesis H1), introgression may further have occurred between a member of the Boulengerochromini and Bathybatini, and an ancestor of Perissodini and Cyprichromini (hypothesis H2), and Pseudocrenilabrus or an early representative of Lake Tanganyika haplochromines may have experienced introgression from the Cyphotilapiini (hypothesis H3).
f -statistics.-The f 4 -statistic was calculated for a total of 46 four-taxon comparisons, with between 390 and 745 biallelic SNPs that could be extracted from our multimarker data set (Supplementary Table S4 Colored dots on branches indicate how often B. microlepis, P. microlepis, and P. philander, respectively, were found to attach to these branches (or to less strongly supported descendent branches) in MCC gene trees resulting from the constrained gene-tree inference. Outgroup branches are not drawn to scale. H., Haplochromini; Cyph., Cyphotilapiini; Lim., Limnochromini. 46) were negative, suggesting gene flow according to the three tested hypotheses of introgression, H1-H3. Based on a block jackknife procedure with a block size of 20 SNPs, f 4 values were significantly different from zero in six comparisons; however, the assumption of normality of jackknife block f 4 values was violated in all of them (Shapiro-Wilks test for normality, P ≤ 0.02). This indicates that a block jackknife procedure may not be suitable to assess significance of the f 4 -statistic. By simulating data sets without introgression that were comparable to the observed data set in terms of SNP number and variation, we found that per four-taxon comparisons, between 11% and 49% of these data sets produced f 4 values as extreme or more extreme than the empirically observed f 4 value (see Supplementary  Table S4 available on Dryad) .
Species-Tree Inference with Reduced Taxon Sets
Recall, that to test for robustness of phylogenetic inference, we performed all species-tree analyses with two different data sets resulting from random selection of sequences as representatives of withinspecies variation. For each set of analyses, these two data sets always produced two near-identical phylogenetic estimates of the interrelationships between Lake Tanganyika cichlid tribes. Rather than discussing these two phylogenies separately, we thus combined the two posterior tree samples for each of these analyses to produce joint MCC phylogenies as our best speciestree estimates. We also focus our discussion of results on species trees inferred with time constraints according to McMahan et al. (2013;  Fig. 2 ), but present results were based on analyses with time constraints according to Friedman et al. (2013) in Figure 3 , and Supplementary Figure S3 , and Supplementary File S2 (available on Dryad). Note that the choice of time constraints did not affect the MCC topology of the species tree except in one weakly supported node (BPP = 0.50) within Ectodini ( Fig. 2; Supplementary Fig. S3 available on Dryad), and that branch lengths were between 18.9% and 53.8% (mean = 38.8%) shorter in the analyses with time constraints according to Friedman et al. (2013) . Species-tree inference for the 34 taxa with no or only weak signs of introgression produced a strongly supported topology (mean BPP = 0.83) ( Fig. 2 ; Supplementary File S2 available on Dryad). In this species tree, the Trematocarini are recovered as the sister group to all other Tanganyikan cichlid tribes (BPP = 1.0), with the exception of the Tylochromini and Oreochromini that invaded the lake secondarily (Salzburger et al. 2002a ). We found strong support (BPP = 1.0) for reciprocal monophyly of the Lamprologini and a clade combining all members of the H-lineage. The monophyly of each tribe is equally well supported, as is the sister group relationship between Limnochromini and Cyphotilapiini, and the monophyly of both the Lake Victoria and Lake Malawi cichlids (BPP = 1.0). Overall, the tree topology corroborates the relationships recently identified with a concatenated analysis of a similar marker set (Meyer et al. 2015) , but is unable to resolve the sequence of divergences between the Ectodini, the combined Cyphotilapiini and Limnochromini, the Eretmodini and the Haplochromini. Bayesian time calibration indicates that these four groups have diverged nearinstantaneously around 7 Ma (95% highest posterior density intervals [HPD] 9.1-5.3 Ma; Fig. 2) .
The use of concatenated marker sets instead of the multispecies coalescent model led to a number of differences in both the topology and the estimated divergence dates (Supplementary Fig. S4 ; Supplementary File S2 available on Dryad). Most notably, Eretmodus cyanostictus appeared as the sister to a clade combining the Haplochromini, Ectodini, Limnochromini, and Cyphotilapiini in the species tree based on concatenation (BPP = 1.0), but nested within these tribes in analyses using the multispecies coalescent model. With the exception of outgroup splits, divergences between Lake Tanganyika tribes were always older when using concatenation (Fig. 3) .
The sequence of divergences between the Haplochromini, Eretmodini, Ectodini, and the combined Limnochromini and Cyphotilapiini appeared far less rapid based on concatenation, with mean age estimates between 10.5 (95% HPD 12.7-9.3 Ma) and 8.7 Ma (95% HPD 10.7-6.9 Ma), as compared to 7.4 (95% HPD 9.1-5.8 Ma) to 7.0 Ma (95% HPD 8.7-5.4 Ma) in the species tree based on the multispecies coalescent model. Similarly, the divergence of Lamprologini and the H-lineage was estimated at 12.2 Ma (95% HPD 14.7-9.7 Ma) based on concatenation, but at 9.2 Ma (95% HPD 11.4-7.1 Ma) when using the multispecies coalescent model. Relative differences between age estimates were greatest for the two young radiations of Lake Malawi and Lake Victoria. The MRCA of the four Lake Malawi species included in our taxon set was estimated at 1.1 Ma (95% HPD 1.5-0.7 Ma) based on concatenation, but around 0.7 Ma (95% HPD 1.2-0.4 Ma) in analyses using the multispecies coalescent model. As our taxon set includes cichlids of both the 'mbuna' group and of the genus Rhamphochromis, the divergence of these species is likely equivalent to the onset of the Lake Malawi radiation (Joyce et al. 2011; Genner et al. 2015; McGee et al. 2016 ). The first divergence among the four Lake Victoria species of our taxon set was estimated at 0.9 Ma (95% HPD 1.3-0.6 Ma) in concatenation-based analyses, but only around 191 thousand years ago (ka) (95% HPD 322-40 ka) in the species tree based on the multispecies coalescent model (Fig. 3) . With genera Neochromis, Haplochromis, Labrochromis, and Pundamilia included in our taxon set, this divergence event is also likely to be synonymous with the origin of the superflock endemic to Lake Victoria (Verheyen et al. 2003) , excluding older Lake Kivu haplochromines.
Effective population sizes (N e ) estimated with the multispecies coalescent model ranged between 3.6× 10 4 and 8.1×10 5 , assuming a mean generation times of 3 years for cichlid fishes (Malinsky et al. 2015) . Notably, two out of the three overall lowest effective population sizes of internal branches were found in the two lineages leading to the Lake Malawi (N e = 7.5×10 4 ; 95% HPD 1.4×10 4 -1.4×10 5 ) and Lake Victoria (N e = 1.4×10 5 ; 95% HPD 2.2×10 4 -2.7 ×10 5 ) radiations.
In contrast, high effective population sizes were inferred for the basal lineages of the Lake Tanganyika radiation, with estimates of 6.1×10 5 (95% HPD 2.6-9.8×10 5 ) for the branch leading to the H-lineage, and 3.8×10 5 (95% HPD 2.4-5.3×10 5 ) in the stem lineage of Lamprologini, and 5.1×10 5 (95% HPD 2.9-7.3×10 5 ) in the common ancestor of these two groups.
Constrained Gene-Tree Inference based on the Species Tree
Adding species-tree constraints to the inference of individual gene trees greatly improved the specieslevel node support of these gene trees (mean BPP = 0.64, compared to mean BPP = 0.43 in unconstrained gene-tree analyses). The addition of species putatively involved in introgression to the taxon set resulted in very different attachment points for B. microlepis, P. microlepis, and P. philander in individual constrained gene trees ( Fig. 2 ; Supplementary File S2 available on Dryad). Boulengerochromis microlepis was found in a sister-group position to T. nigrifrons in ten gene trees, but also appeared more closely related to the Ectodini, the H-lineage, the Lamprologini, or a clade combining the H-lineage and Lamprologini in a total of 18 constrained gene trees. In contrast, P. microlepis was most often recovered as the sister of the Ectodini (in 10 constrained gene trees), but appeared closely related to the Cyphotilapiini (6 constrained gene trees) and Limnochromini (5 constrained gene trees), and also diverged from basal branches in several of the constrained gene trees. Attachment points for P. philander were mostly found within the Haplochromini (3 constrained gene trees), but the species also appeared as the sister of the Ectodini (6 constrained gene trees), the Eretmodini (3 constrained gene trees), or the Cyphotilapiini (three constrained gene trees). All attachment points of these three species are shown in Figure 2 .
Likelihood-Based Tests for Introgression
Maximum likelihood network topologies were recovered consistently in at least 9 out of 10 analysis replicates for each set of analyses with the software PhyloNet, indicating run convergence. All resulting maximum likelihood network topologies were completely congruent with the previously inferred species tree (Fig. 2) , except that E. cyanostictus appeared closer to the Cyphotilapiini and Limnochromini than to the Haplochromini when P. philander was included in the taxon set. The addition of single introgression edges to the tree improved the likelihood by 28.5, 14.2, and 2.9 log units when B. microlepis, P. microlepis, and P. philander, respectively, were included in the taxon set. B. microlepis was recovered as the sister lineage of the clade combining the H-lineage and Lamprologini, and appears to have received introgression from the common ancestor of Cyphotilapiini and Limnochromini, with an estimated inheritance probability of 24% (Fig. 4a) .
Perissodus microlepis, on the other hand was found as the sister of Cyphotilapiini and Limnochromini, and a part of its genome appears to have introgressed from the common ancestor of H-lineage and Lamprologini, with a slightly lower inferred inheritance probability of 21% (Fig. 4b) . Thus, the two introgression edges inferred for B. microlepis and P. microlepis are opposing each other, which could be taken as indication that gene flow between the common ancestor of H-lineage and Lamprologini and the common ancestor of Cyphotilapiini and Limnochromini was bidirectional and occurred through hybridization between a member of Boulengerochromini (or a shared ancestor with Bathybatini) and a member of Perissodini (or a shared ancestor with Cyprichromini). Finally, P. philander was recovered as the sister lineage of other Haplochromini, and appears to have received introgression from Cyphotilapiini, with an estimated inheritance probability of 9% (Fig. 4c) . Thus, we find strong support (≥ 14.2 log-likelihood units) for hypotheses H1 and H2 of introgression between the H-lineage and the Boulengerochromini, and moderate support (2.9 loglikelihood units) for hypothesis H3 of introgression from the Cyphotilapiini to Lake Tanganyika Haplochromini ("Tropheini").
DISCUSSION
A Refined Species-Tree Topology for Lake
Tanganyika Cichlids With hundreds of species of fish, mollusks, and crustaceans found nowhere else on earth, Lake Tanganyika is a textbook example of the evolution of a complex ecosystem in isolation . In particular, the endemic fauna of cichlid fishes has received considerable scientific attention including phylogenetic estimates using molecular sequence data. Earlier mtDNA-based phylogenetic hypotheses for Lake Tanganyika cichlids-sometimes in combination with a small number of nuclear markers-were characterized by a partial lack of resolution (especially with respect to relationships between tribes) and low support values for many nodes, as well as inconsistencies between studies (Kocher et al. 1995; Salzburger et al. 2002b; Clabaut et al. 2005; Day et al. 2008; Koblmüller et al. 2008; Muschick et al. 2012) . The rapid development of sequencing techniques leading to the availability of multiple independent molecular markers, in association with novel algorithms, promises to improve species-tree estimates (Delsuc et al. 2005; Lemmon and Lemmon 2013) .
In a recent study (Meyer et al. 2015) , we presented a well-supported phylogenetic hypothesis of the relationships between Lake Tanganyika cichlid tribes based on 42 nuclear loci using a concatenation approach. The strategy of concatenating multilocus data has some limitations, though. For example, in situations of prevalent hybridization or incomplete lineage sorting, a concatenation approach might not be able to redraw The three inferred introgression events between East cichlid tribes. Introgression events were inferred with the likelihood framework implemented in PhyloNet, according to hypotheses H1 (a), H2 (b), and H3 (c). Arrows indicate the direction of introgression events, and percentages given represent inheritance probabilities estimated for introgression edges. The improvement in likelihood gained by addition of this introgression edge is indicated. Note that the donor branch of inferred introgression events can be older than the recipient branch if introgression occurred indirectly through species not included in the phylogeny. the correct species history. Incomplete lineage sorting is particularly common in rapidly diverging lineages, such as in adaptive radiations, due to the relatively small number of generations between speciation events (Suh et al. 2015) . The degree of incomplete lineage sorting also increases with effective population sizes, which are likely to be high for cichlids in Lake Tanganyika (Koblmüller et al. 2006) , and could thus lead to deep coalescence events and gene trees that are incongruent to the actual species tree.
Gene-tree discordance originating from stochastic processes such as incomplete lineage sorting can be accounted for with coalescent-based approaches, which has been demonstrated on theoretical grounds (Degnan and Salter 2005; Heled and Drummond 2010) , and based on simulated (Leaché and Rannala 2011) and empirical data (Linkem et al. 2016 ). However, simulation-based studies have also suggested that even coalescent-based species-tree estimates can be misleading when gene flow is present between lineages (Leaché et al. 2014) . To overcome this problem, species included in the analysis should be carefully selected to exclude taxa that are affected by introgression. Species-tree estimates can be further improved when multiple individuals per lineage are sampled, as this increases the number of coalescent events used to calculate population sizes (Heled and Drummond 2010; Knowles and Kubatko 2010) .
In the present study, we thus increased allele sampling for the taxon set used in Meyer et al. (2015) (we here use up to 16 specimens per species), and applied the multispecies coalescent model to obtain a refined estimation of the species tree of Lake Tanganyika cichlids. To meet the requirements of the multispecies coalescent model, we first determined the set of species with the strongest signals of putative introgression, and excluded these from species-tree analyses. For comparative reasons, we also reconstructed the tree from the same data set but using the concatenation approach.
In the resulting "introgression-free" species tree based on the multispecies coalescent model (Fig. 2) , the only representative of the Trematocarini (T. nigrifrons) was placed as the sister lineage to a clade formed by the Lamprologini and all H-lineage tribes. Within the H-lineage, Ectodini was recovered as the sister group to a clade formed by Limnochromini and Cyphotilapiini, together with Eretmodini and Haplochromini. The positioning of Eretmodini within the H-lineage-as sister lineage to Haplochromini-is in agreement with previous phylogenetic hypotheses based on allozyme- (Nishida 1991) , AFLP (Amplified fragment length polymorphism)- (Weiss et al. 2015) , and multilocus data (Friedman et al. 2013; Meyer et al. 2015; McGee et al. 2016 ), but stands in contrast to inferences based on mtDNA, which placed Eretmodini outside the H-lineage (Kocher et al. 1995; Clabaut et al. 2005; Day et al. 2008; Muschick et al. 2012) . In our concatenated analysis, Eretmodini appeared at yet another position, at the base of the Hlineage ( Supplementary Fig. S4 available on Dryad; also see Fig. 2b of Meyer et al. 2015) . Based on the observed cytonuclear discordance and the variable placement of Eretmodini, it has previously been suggested that this tribe originated from an ancient hybridization event involving a Lamprologini-like ancestor and a member of the H-lineage (Clabaut et al. 2005; Meyer et al. 2015; Weiss et al. 2015) . Our approach of identifying introgression based on MRCA ages in three-taxon comparisons (Fig. 1) , f -statistics, and likelihood analyses did not retrieve a hybrid signature for E. cyanostictus. At the same time, the placement of Eretmodini as sister lineage to Haplochromini is only relatively weakly supported (Fig. 2) , calling for additional analyses using genomewide data and denser taxon sampling to firmly place this tribe in the phylogeny of East African cichlids.
Overall, however, the application of the multispecies coalescent model, subsequent to the exclusion of the species showing the strongest signals of introgression, resulted in a refined species-tree estimate for Lake Tanganyika cichlids compared to our previous study (Meyer et al. 2015) . For example, we recovered strong support for the monophyly of Limnochromini and Cyphotilapiini (see also Friedman et al. 2013; McGee et al. 2016) , which both occur in the deep-water habitat of Lake Tanganyika (Coulter 1991) . Two other branches remain weakly supported-the one placing Ectodini at the base of the H-lineage and the abovementioned branch placing Eretmodini as sister lineage to Haplochromini. The apparent lack of phylogenetic resolution among these branches in our analyses with the multispecies coalescent model (Fig. 2) is likely to reflect the rapidity of lineage formation at the base of the H-lineage (see also Salzburger et al. 2002a; Koblmüller et al. 2004; Duftner et al. 2005; Koblmüller et al. 2008) . While the basal branches within the H-lineage receive higher support values based on the concatenation model ( Supplementary Fig. S4 available on Dryad), these may be misleading, as concatenation has been shown to overestimate branch support and potentially produce incorrect species-tree estimates (Kubatko and Degnan 2007; Ogilvie et al. 2016; Linkem et al. 2016 ). In contrast, using the multispecies coalescent model with only tens of loci may produce more accurate species trees than concatenation with far larger data sets (Ogilvie et al. 2016) .
The drawback of our strategy to produce an "introgression-free" species-tree estimate is that it comes on the expense of the exclusion of certain taxa (the putative recipients of introgression). The resulting species tree is therefore robust, yet incomplete. Nevertheless, there are ways to interpret the placement of the taxa that were excluded from species-tree analyses due to signals of introgression. For example, under the assumption that the true phylogenetic signal is stronger than the signal resulting from introgression, the frequencies of the attachment of a lineage to a given branch in the individual gene trees can be considered as democratic vote for its phylogenetic position (indicated by dots on branches in Fig. 2) . We exemplify this for the three taxa with the strongest signals of introgression. Based upon the inspection of individual gene trees, B. microlepis is suggested to be a sister lineage of T. nigrifrons (as e.g., Salzburger et al. 2002a; Clabaut et al. 2005; Meyer et al. 2015) , or, alternatively, more closely related to the common ancestor the Lamprologini and the H-lineage (as in Weiss et al. 2015) . Perissodus microlepis shows affinities to the ancestor of Ectodini (see, e.g., Kocher et al. 1995; Clabaut et al. 2005) or is placed in a clade together with Limnochromini and Cyphotilapiini (as observed in Salzburger et al. 2002a; Friedman et al. 2013) . Finally, the riverine haplochromine P. philander is most often placed near the base of the Haplochromini clade (see, e.g., Salzburger et al. 2002a; Clabaut et al. 2005; Santos et al. 2014; Meyer et al. 2015) , but also appears frequently as sister lineage to the Ectodini, which has not been observed previously.
Our strategy to separate phylogenetic signals of species divergences from those of incomplete lineage sorting and introgression assumes that the latter two processes are the only sources of gene-tree discordance. However, it has been shown that with increasing size of the data set used for phylogenetic inference, the degree of systematic errors due to violations of the model of sequence evolution, can also increase and produce misleading phylogenetic signal (Rodríguez-Ezpeleta et al. 2007 ). These model violations may arise, for example, from changes in site-specific substitution rates over time (heterotachy; Pagel and Meade 2008), from among-species heterogeneity in sequence composition (Rodríguez-Ezpeleta et al. 2007 ), or from GC-content variation among taxa (Jarvis et al. 2014) . If and to what degree these model violations affect our data set, with possible consequences for phylogenetic inference, has not been tested explicitly. However, it is likely that misleading phylogenetic signals due to these model violations are stronger on longer timescales (as in Jarvis et al. 2014) , suggesting that systematic errors may have little effect on the inference of the relatively recent diversification of Lake Tanganyika cichlids.
A number of alternative approaches, which have not been explored here, are available for speciestree inference while taking hybridization into account. A phylogenetic model similar to that used in the "InferNetwork_ML" method of PhyloNet (Yu et al. 2014) is also implemented in the software PhyloNetworks (Solís-Lemus and Ané 2016), as a method named "SNaQ" (Species Networks applying Quartets). In contrast to "InferNetwork_ML", however, "SNaQ" does not calculate the full likelihood of this model, but a pseudolikelihood after decomposition of the phylogeny into four-taxon subsets, which allows faster calculations and therefore the application to larger data sets, at the cost of comparability of different networks (Solís-Lemus and Ané 2016). The option to infer networks based on their pseudolikelihood (calculated from three-taxon subsets) instead of their full likelihood has also been added to the software PhyloNet, as a method named "InferNetwork_MPL" (Yu and Nakhleh 2015) . A model for the joint inference of incomplete lineage sorting and hybridization is also available in the software STEMhy (Kubatko 2009 ). However, in this comparatively early implementation, the species topology is assumed to be known and the hybridization event is considered to lead to hybrid speciation (Mallet 2007) , which apparently is far less common than introgressive hybridization, in which genetic material is exchanged between lineages without the production of a hybrid species (Schumer et al. 2014) .
Application of the Multispecies Coalescent Model Improves
Age Estimates for East African Radiations The timeline of diversification estimated with the multispecies coalescent model was consistently younger than that obtained with concatenated sequences for all markers. This observation is in agreement with the differences between the models employed by the two approaches. While the concatenation model implicitly assumes that all gene trees are identical to each other as well as to the species tree (Edwards et al. 2016) , the multispecies coalescent model accounts for genetic divergence that predates speciation. As a result, concatenation is likely to result in overestimated speciation times, and the degree of this overestimation depends on the ancestral effective population sizes (McCormack et al. 2011) . With large population sizes, as are commonly found in adaptive radiations of fishes 544 SYSTEMATIC BIOLOGY VOL. 66 (Won et al. 2005) , the difference in age estimates obtained with the two approaches can be on the order of millions of years (Colombo et al. 2015; Ogilvie et al. 2016) . As all previous fossil-based phylogenetic time calibrations of the East African cichlid diversification were based on the concatenation model (e.g., Genner et al. 2007; Schwarzer et al. 2009; Friedman et al. 2013; McMahan et al. 2013) , our timeline estimated with the multispecies coalescent model is likely to provide more realistic divergence dates for cichlid radiations in lakes Tanganyika, Malawi, and Victoria.
Lake Tanganyika radiation.-Even though seismic reflection data in combination with extrapolations of Pleistocene sedimentation rates suggest that Lake Tanganyika originated around 12-9 Ma (Cohen et al. 1993 (Cohen et al. , 1997 , previous concatenation-based age estimates for tribes endemic to this lake are far older. Regardless of whether an assumed Gondwanan vicariance or the cichlid fossil record were used for divergence-time analyses, estimates of Genner et al. (2007) imply that at least 10 cichlid lineages colonized Lake Tanganyika independently but left no traces of their existence outside of the lake. Using calibrations based on the phylogeny of Azuma et al. (2008) and the fossil Oreochromis †lorenzoi (Carnevale et al. 2003) , Schwarzer et al. (2009) estimated the MRCA of Lamprologini and the H-lineage between 20.4 and 10.6 Ma, with a mean age estimate of 15.4 Ma. This estimate is comparable to our concatenation-based age estimate for the same node (12.2 Ma), but is likely to predate the origin of Lake Tanganyika. In contrast, our analyses with the multispecies coalescent model, time calibrated according to McMahan et al. (2013) , suggest that Lamprologini and the H-lineage diverged around 9.2 Ma, which could thus represent the first divergence event within Lake Tanganyika (Fig. 3) . This timeline is, therefore, consistent with a colonization history of Lake Tanganyika that requires two to four colonization events from lineages that subsequently went extinct outside the lake (Trematocarini, the common ancestor of Lamprologini and the H-lineage, and possibly the ancestors of Boulengerochromini and Bathybatini) (Salzburger et al. 2002a ). According to estimates based on the multispecies coalescent model in combination with time constraints derived from Friedman et al. (2013) , even the divergence of Trematocarini (and thus possibly also those of Boulengerochromini and Bathybatini) could have occurred within the lake (around 8.7 Ma; Supplementary Fig. S3 available on Dryad), which would allow the possibility of a single austrotilapiine colonization of Lake Tanganyika.
Within the H-lineage, we identified a sequence of rapid splitting events with the multispecies coalescent model that began with the separation of Ectodini around 7.4 Ma (based on time constraints derived from McMahan et al. 2013) and ended with the divergence of Eretmodini and Haplochromini less than 400,000 years later. In contrast, estimates for these divergence events are stretched out over almost 2 myr when inferred with the concatenation model, which is indicative of a high degree of incomplete lineage sorting and thus discordance of individual gene trees. Our coalescentbased age estimates for these lineages coincide with the topographic depression of the northern Lake Tanganyika basin (8-7 Ma; Cohen et al. 1993; Lezzar et al. 1996) , suggesting that the main diversification of Lake Tanganyika tribes could have been triggered by ecological opportunity (see, e.g., Wagner et al. 2012) in this newly formed lake basin.
Lake Malawi radiation.-Lake Malawi has existed perennially for 4.5-4.0 myr (Ring and Betzler 1995) , which is consistent with most phylogenetic age estimates for its largely endemic cichlid radiation (Genner et al. 2007; Schwarzer et al. 2009; Friedman et al. 2013; Loh et al. 2013; McMahan et al. 2013) . However, throughout its history, Lake Malawi has experienced severe lakelevel fluctuations with lowstands that had considerable impact on its cichlid fauna due to habitat reduction and eutrophication Lyons et al. 2015) . Our age estimate based on the multispecies coalescent model and time constraints derived from McMahan et al. (2013) (749 ka) nearly coincides with a shift in hydroclimate regimes during the Mid-Pleistocene Transition (∼ 800 ka) that led to a wetter climate and less frequent lake-level fluctuations (Lyons et al. 2015) . These changes could have promoted diversification of Lake Malawi cichlid fishes due to increased ecological opportunity and habitat stability.
Lake Victoria radiation.-While the Lake Victoria basin originated around 400 ka (Johnson et al. 1996; Salzburger et al. 2014) , the radiation of the endemic Lake Victoria superflock (sensu Verheyen et al. 2003 , excluding Lake Kivu species) has long been thought to be younger than 200 ka, based on mitochondrial mutation rate estimates and palaeogeographic considerations (Meyer et al. 1990; Johnson et al. 1996; Verheyen et al. 2003) . However, phylogenetic time calibrations have so far failed to reproduce these young age estimates (Elmer et al. 2009; Wagner et al. 2012; Rabosky et al. 2013 ). Though our timeline based on concatenation suggests an early origin of the Lake Victoria superflock around 913 ka, mean age estimates based on the multispecies coalescent model support a much younger origin (191-160 ka; Fig. 3 ; Supplementary Fig. 3 available on Dryad) in agreement with previous studies (Meyer et al. 1990; Johnson et al. 1996; Verheyen et al. 2003) . In line with this observation, MCC gene trees of Lake Victoria cichlids coalesce much earlier (6.1-0.7 Ma) than their MCC species tree in analyses with the multispecies coalescent model, which indicates that most of the genetic variation present in cichlids of the Lake Victoria superflock pre-existed in the common ancestor. Our estimate of the effective population size of this ancestor (N e = 143,000) is small compared to those of other internal branches but nevertheless suggests a rather large founding population of the Lake Victoria superflock.
This could indicate that Lake Victoria was colonized gradually through previously existing river connections (see Seehausen et al. 2003; Salzburger et al. 2005) rather than by singular dispersal events. It should be noted, however, that effective population size estimation with the multispecies coalescent model assumes an absence of population structure and introgression, and that a violation of these assumptions may result in overestimated population sizes.
Our phylogenetic time calibration was based on secondary constraints taken from the timelines of global cichlid diversification in McMahan et al. (2013) and Friedman et al. (2013) , and therefore relies on the accuracy of these timelines. According to age estimates of McMahan et al. (2013) , Tylochromini and Oreochromini originated around 42 and 23 Ma, respectively, which is in agreement with the earliest fossil records of both tribes, cf. Tylochromis from the Egyptian Jebel Qatrani Formation (35.1-33.8 Ma; Murray 2002 Murray , 2004 , and Oreochromis †martyini from the Ngorora Formation of Kenya (12.0-9.3 Ma; VanCouvering 1982; Murray and Stewart 1999) . On the other hand, the younger age estimates of Friedman et al. (2013) partially disagree with the fossil record of cichlids, as several clades (e.g., Tylochromini and Hemichromini) appear younger than their first fossil occurrences (Chen et al. 2014; Musilová et al. 2015) . In another recent study on the divergence times of cichlid fishes, Matschiner et al. (2016) used a new model for Bayesian clade age estimation in combination with a large number of teleost fossil constraints and obtained relatively older estimates for the ages of Tylochromini (77.0-60.5 Ma) and Oreochromini (63.6-47.0 Ma). However, for reasons discussed in Matschiner et al. (2016) , these ages could have been overestimated and should be considered as upper boundaries rather than an accurate timeline. Therefore, we suggest that age estimates based on the intermediate timeline of McMahan et al. (2013) may provide the most realistic picture of East African cichlid diversification to date.
Introgression in Lake Tanganyika Cichlids
The exchange of genetic material between species is a common phenomenon in adaptive radiations (see, e.g., Berner and Salzburger 2015) , ranging from ongoing gene flow between recently diverged species to more ancient introgression events (The Heliconius Genome Consortium 2012; Jones et al. 2012; Lamichhaney et al. 2015) . Likewise, recent and more ancient hybridization events are well documented for East African cichlid fishes (Lake Tanganyika: Koblmüller et al. 2007 Koblmüller et al. , 2010 Sturmbauer et al. 2010; Weiss et al. 2015; Lake Malawi: Joyce et al. 2011; Genner and Turner 2012; Lake Victoria: Keller et al. 2013 ; admixture across watersheds: Schwarzer et al. 2012; Loh et al. 2013) . Moreover, it has been suggested that hybridization might promote adaptive radiation in the first place (Grant and Grant 1992; Seehausen 2004 ) via the creation of novel combinations of parental alleles leading to increased genetic diversity and novel phenotypes in the offspring, upon which natural and sexual selection can act (Hedrick 2013; Arnold 2015) . In some situations, for example, after the colonization of novel habitats, hybrids might be better adapted for the exploitation of new ecological niches (see, e.g., Rieseberg et al. 2003; Seehausen 2004; Stelkens and Seehausen 2009; Abbott et al. 2013; Keller et al. 2013; Seehausen et al. 2014) .
Here, we applied a novel approach based on MRCA ages in three-taxon comparisons, f -statistics, and likelihood analyses to detect introgression between members of different cichlid tribes in Lake Tanganyika. Our analyses uncovered three past introgression events that left behind particularly strong signatures in the genomes of the descendant lineages (Figs. 1  and 4) . The most strongly supported case of past introgression involves the ancestor of B. microlepis (or its common ancestor with Bathybatini) as recipient, and an early member of Perissodini or Limnochromini as donor. In a second event, B. microlepis (or an earlier member of Boulengerochromini or Bathybatini) served as donor, whereas the common ancestor of Perissodini and Cyprichromini was identified as the most likely recipient. Since both instances involvein inverted positions-a similar set of recipient and donor lineages, it is possible that they reflect a single introgression event responsible for the reciprocal exchange of substantial portions of genetic material between a more ancient lineage of cichlids (the ancestor of Boulengerochromini or of Boulengerochromini and Bathybatini) and a member of the more derived H-lineage (see Supplementary Fig. S5 available on Dryad, for an illustration of this scenario). Third, there is evidence for introgression from an early member of Cyphotilapiini into an ancestor of the Lake Tanganyika haplochromines and the closely related riverine genera Pseudocrenilabrus and Serranochromis (see also Weiss et al. 2015) . Within the clade combining Haplochromini of Lake Tanganyika with the two riverine lineages, the strongest signals of introgression were observed in P. philander, closely followed by the Lake Tanganyika endemic L. labiatus. While we here used the riverine P. philander in all analyses of introgression as the representative of this clade (as we consistently chose the taxon with the strongest signals in each case), it seems likely that the introgression event affecting this clade took place within Lake Tanganyika and thus subsequent to its secondary colonization by haplochromines. The presence of introgression signals not only in Lake Tanganyika haplochromines but also in riverine lineages could then be explained by their divergence subsequent to introgression, or by further genetic exchange between these closely related species (Loh et al. 2013) .
The introgression events inferred in our study are largely congruent with those observed by Weiss et al. (2015) based on a large AFLP data set. In line with our findings, Weiss et al. (2015) detected signals of introgression between ancient Tanganyika tribes (i.e., Boulengerochromini, Bathybatini, Hemibatini, and Trematocarini) and the H-lineage. Furthermore, Weiss et al. (2015) found that support for monophyly of a clade 546 SYSTEMATIC BIOLOGY VOL. 66 combining all H-lineage tribes except Haplochromini (the "ancient mouthbrooders," a clade not recovered in our analysis) increased after excluding members of Cyphotilapini. This was taken as evidence for genetic exchange between Cyphotilapini and other tribes outside of the "ancient mouthbrooders," in agreement with our detection of introgression between Cyphotilapini and Haplochromini or related riverine lineages. Thus, despite disagreement in the inferred relationships between tribes and the use of very different data sets, the study of Weiss et al. (2015) and the present study potentially identified traces of the same introgression events among Lake Tanganyika tribes. Taken together, it thus appears that the adaptive radiation of cichlid fishes in Lake Tanganyika is characterized by several introgression events at different times rather than a major event producing a hybrid swarm at the onset of the radiation, as has been suggested for other adaptive radiations (Seehausen 2004; Hudson et al. 2010) , including the cichlids from lakes Victoria (Seehausen et al. 2003) and Malawi (Joyce et al. 2011) .
What could have triggered introgressive hybridization between distantly related cichlid lineages (i.e., at the level of different tribes) in the confines of Lake Tanganyika, and under which circumstances and environmental conditions such rare hybridization events might have taken place, remains a matter of speculation. There are, however, arguments that render past gene exchange between B. microlepis and a member of the H-lineage, and between Cyphotilapiini and Haplochromini, not entirely improbable. Boulengerochromis microlepis, the only member of Boulengerochromini, is unusual in various aspects. Originally assigned to Tilapiini (Poll 1986) , B. microlepis was put into its own tribe because of its distinctiveness with respect to any other cichlid species known (Takahashi 2003) . Boulengerochromis microlepis is the largest cichlid in the world, reaching an adult size of 80 cm, and it forms breeding pairs for unusually long periods of time, until the offspring has almost reached adult size (Konings 2015) . Our results suggest that B. microlepis is characterized by a combination of genetic material from a pre-Tanganyikan cichlid lineage and a member of the endemic H-lineage. Thus, gene exchange with lake-adapted lineages might have contributed to the survival of the ancestor of B. microlepis after its colonization of this novel environment.
The Tanganyikan representatives of the Haplochromini, the "Tropheini" (Takahashi 2003) , are also somewhat unusual compared to other members of that tribe. For example, most "Tropheini" species are much less sexually dimorphic than for example, the haplochromines of the adaptive radiations in lakes Victoria and Malawi (Fryer and Iles 1972; Salzburger et al. 2006) , and some of the Tanganyikan haplochromines become unusually large (up to 40 cm in length and 3 kg in size the case of Petrochromis sp. 'giant'). Interestingly, there are morphological similarities between the Tanganyikan haplochromines and the Cyphotilapiini. In fact, both genera currently included in Cyphotilapiini, Cyphotilapia and Trematochromis, have initially been grouped into the Haplochromini based on morphological grounds (Poll 1986) , and were later suggested to form their own, respective monotypic tribes because of their phenotypic distinctiveness (Takahashi 2003) . The only representative of the latter genus (T. benthicola) was, originally, even placed into the same genus as the Tanganyikan haplochromine Ctenochromis horei and has only recently been established as a member of the Cyphotilapiini based on molecular data (Muschick et al. 2012) .
In the light of our new results suggesting ancient gene flow from Cyphotilapiini into Haplochromini, the morphological resemblance between the members of these tribes can be reinterpreted as being due to past introgression. Our data place the introgression event from Cyphotilapiini to Haplochromini near the common ancestor of the "Tropheini" and riverine lineages (Pseudocrenilabrus and Serranochromis), while other, more derived, Haplochromini of Lake Malawi and Lake Victoria do not seem to be affected. This suggests that the radiation of the haplochromines in Lake Tanganyika started out from a riverine ancestor that invaded the lake secondarily and hybridized with a lake-adapted species. This scenario is in line with the idea that hybridization can trigger adaptive radiation (Seehausen 2004) , for example, through transgressive segregation (Stelkens and Seehausen 2009 ). Unlike in the haplochromine adaptive radiations in lakes Victoria and Malawi, for which precursory hybridization between exclusively riverine lineages has been proposed (Seehausen et al. 2003; Joyce et al. 2011) , the Tanganyikan haplochromines appear to be the product of a riverine and a lake-adapted form. Recent studies have emphasized the contribution of riverine species in the formation of the lacustrine East African cichlid radiations, both by introducing new lineages and through introgressive hybridization (Joyce et al. 2011; Loh et al. 2013) . As the present study includes only few riverine taxa, the influence of these species could not be explored in detail. To extend the picture of introgression mediated by riverine taxa, it will thus be important to also include representatives of other closely related riverine groups (e.g., Orthochromis, Serranochromis, or Astatoreochromis) in future analyses.
The here reported cases of past introgression between different cichlid tribes in Lake Tanganyika have in common an asymmetric fate with respect to taxonomic diversity of the two lineages involved in the exchange of genetic material. Each event brought forth an ancestor of a lineage that subsequently diversified into an array of species (Perissodini and Cyprichromini: 16 species; Haplochromini:~30 species in Lake Tanganyika), while leaving behind another lineage with low species diversity (Cyphotilapiini: 3 species; Boulengerochromini: 1 species). What might have caused this asymmetry in speciation rates after gene exchange, and how introgression is connected to diversification overall in Lake Tanganyika cichlids, should be in the focus of future studies. In this context, it is interesting to note that we did not find evidence for intertribal introgression events that involve a member of the most species-rich cichlid tribe in Lake Tanganyika, Lamprologini, although-within this tribe-introgression and hybridization appear to be common (Salzburger et al. 2002b; Sturmbauer et al. 2010) . A possible explanation for the "genomic demarcation" of lamprologines from other cichlid lineages in Lake Tanganyika is their distinctive breeding mode: Lamprologines are substrate spawners with only very subtle, if any, phenotypic differences between males and females, whereas all but one (B. microlepis) of the remaining Tanganyikan cichlid species are mouthbrooders featuring, in many cases, a pronounced sexual (color) dimorphism (Konings 2015) .
Taken together, we uncovered several instances of past intertribal introgression in Lake Tanganyika. These involve ancestors of tribes that, until today, could not have been placed firmly into the phylogeny of East African cichlids, suggesting that their chimeric nature is responsible for the difficulties in resolving their respective placements in previous analyses based on both molecular and morphological data. Our identification of multiple introgression events in Lake Tanganyika cichlids is in line with expectations regarding the occurrence of hybridization in adaptive radiation and corroborates the importance of between-species genetic exchange for the evolution of biodiversity.
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